Circadian rhythm pervades in many aspects of the biological processes including basic cellular functions. Here we examined the circadian gene expression of two forms of 90 kDa heat shock proteins referred to HSP86 and HSP84 in the mouse suprachiasmatic nucleus, the circadian center. In both light-dark, and constant dark conditions, Hsp86 mRNA showed an overt circadian rhythm showing a peak at (subjective) night and a trough at (subjective) day. Hsp84 mRNA also showed the similar expression profile, but the amplitude was weaker. These results indicate that gene expression of molecular chaperone such as Hsp86 and Hsp84 are regulated by the circadian clock.
In mammals, the master clock of the circadian rhythms exists in the suprachiasmatic nucleus (SCN) of the hypothalamus (12) . SCN is composed of thousands of clock-oscillating cells specialized to time keeping for circadian rhythm, and transmits standard time to the whole brain and body (17) . In these cells, the circadian oscillation is driven by a molecular clock composed of transcription/translation-based core feedback loop of a set of clock genes (14, 15, 17) . This molecular clock coordinates the timing of the expression of a variety of genes with specific cellular functions. Gene array studies have demonstrated that hundreds of genes show the circadian expression profiles (16, 22) . These genes may assist or contribute the rhythm generation and coordination among SCN neurons, but the details of these are ill-defined.
Here we examine the circadian expression profiles of an abundantly found 90 kDa heat shock protein (HSP90). HSP90 is universally expressed in all cells not only in response to temperature elevation above their natural range, but is also expressed in response to other stresses including cold, ionizing radiation and cytotoxic agents (2, 26) . In normal physiological condition, it binds to many cellular proteins as 'molecular chaperones'. In mammals, HSP90 class of heat shock proteins are comprised by two related genes (11) . In mice, Hsp86 encodes an HSP of 86 kDa (also called Hsp90aa1), while the product of the second gene, Hsp84 (also called Hsp90ab1), is 84 kDa. For revealing the involvement of these heat shock proteins in mammalian circadian center, in the present study, we examined the daily expression profiles of Hsp86 and Hsp84 mRNAs in the mice SCN in light-dark and constant dark conditions.
MATERIALS AND METHODS

Animals. For examining the expression of Hsp86
and Hsp84 in the SCN, we purchased commercially available male C57Bl6 mice at 6 weeks age (JAPS, Osaka, Japan). They were housed under standard 12 h : 12 h light-dark (LD) cycles at least for 2 weeks at 22 ± 2°C with freely provided diet and wa-bated in the hybridization buffer (60% formamide, 10% dextran sulphate, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0, 0.6 M NaCl, 0.2% N-laurylsarcosine, 500 mg/mL transfer RNA, 1 × Denhardt's and 0.25% sodium dodecyl sulphate) containing the 33 P-UTP-labeled antisense cRNA probes for 16 h at 60°C. After hybridization, these sections were rinsed in 2 × SSC/50% formamide for 45 min at 60°C, and rinsed in 2 × SSC/50% formamide for 15 min at 60°C and the sections were treated with a solution containing 10 μg/mL Rnase A (10 mM TrisHCl, pH 8.0, 1 mM EDTA, pH 8.0, 0.5 M NaCl) for 30 min at 37°C. The sections were further rinsed in 2 × SSC/50% formamide for 15 min at 60°C and in 0.4 × SSC for 30 min at 60°C. Sections for free floating in situ hybridization were mounted onto gelatin-coated microscope slides, air-dried, and dehydrated. These sections together with 14 C-acrylic standards (Amersham, Buckinghamshire, U.K.) were exposed to Biomax film (Kodak, Rochester, NY, USA) for five days and subjected to the image analysis process.
Quantification of hybridization signals. The radioactivity of each SCN on BioMax film was analyzed using a microcomputer interface to an image analysis system (MCID, Imaging Research, St Catherines, Ontario, Canada) after conversion into the relative optical densities produced by the 14 C-autoradiographic microscales (Amersham). Data were normalized with respect to the difference between signal intensities in equal areas of the SCN and the corpus callosum. The intensities of the optical density of the sections from the rostral to the caudal most part of the SCN (8 sections per mouse brain) were then summed; the sum was considered to be a measure of the amount of Hsp86 and Hsp84 mRNA in this region. The intensity values are expressed as means ± S.E.M. (n = 5). We use relative mRNA abundance, which means that the peak intensity value in the LD and DD conditions was adjusted to 100, respectively. For statistical analysis, one-way ANOVA followed by Scheffe's multiple comparisons was applied.
RESULTS
Expression of Hsp86 and Hsp84 in the forebrain
First, we examined the distribution of Hsp86 and Hsp84 in the forebrain at day time (ZT4) and night time (ZT16). Hsp86 mRNA was found in many regions of the mouse forebrain, but the expression level was strikingly different (Fig. 1A-C ). At ZT4, ter. Six animals were examined for assessing the forebrain expression of Hsp86 and Hsp84 at ZT4 and ZT16 (ZT stands for Zeitgeber time in a LD cycle; ZT0 is lights-on and ZT12 is lights-off and thus ZT4 means 4 h after the light onset, and ZT16 means 4 h after the light offset). For quantitative analysis in the SCN, Hsp86 and Hsp84 mRNA were examined in the LD cycle and in the second complete darkness (DD) cycle every 4 h (n = 5 at each time point for both experiments; total n = 60), starting at ZT0 or CT0 (CT stands for circadian time; CT0 is subjective dawn and CT12 is subjective dusk). All experimental procedures were approved by the committee for animal research at Kobe University.
Probes. Mouse Hsp86 cDNA fragment (positions 247~825 of mus musculus MUSHSP86A, Gene Bank accession number accession no. M36830) and Hsp84 cDNA fragment (positions 79~639 of mus musculus MUSHSP84B, Gene Bank accession number M36829) were subcloned into the PCRII-TOPO vector (Invitrogen, Carsbad, CA) and sequenced to verify their identity and orientation. These cDNA fragment-containing vectors were linearized with restriction enzymes and used as templates for sense and antisense cRNA probes. Radiolabeled probes for above enzymes were made using 33 P-UTP (New England Nuclear, Boston, MA) with a standard protocol for cRNA synthesis.
In situ hybridization. Mice were deeply anesthetized with ether, and intracardially perfused with 10 mL of autoclaved ice cold saline, followed by 20 mL of a fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4). For the animals housed in darkness, anesthesia was performed under safe dark red light. The brains were removed, postfixed in the same fixative for 24 h at 4°C and placed in 0.1 M PB containing 20% sucrose for 48 h. These brains were frozen using dry ice and stored at −80°C until use. Mouse brain sections were made 40 μm in thickness by a cryostat (Reichert-Jung, Heidelberg, Germany). To minimize technical variations throughout the hybridization procedure, sections from different experimental conditions were gathered into one group and processed simultaneously. In situ hybridization histochemistry was performed as described previously (17) . Briefly, tissue sections were processed with 1 μg/mL proteinase K (0.1 M Tris buffer, pH 8.0, 50 mM EDTA, 10 min) at 37°C and 0.25% acetic anhydride in 0.1 M triethanolamine for 10 min. The sections were then incu-Hsp86 mRNA signals were high at the piriform cortex (Pir), CA1/CA3 of the hippocampus, and the arcuate nucleus (Arc). Moderate level of signals were found in the preoptic area, SCN, paraventricular nucleus, and many of the thalamic nuclei, and cerebral cortex, although the signals were low in the caudate-putamen. At ZT16, Hsp86 mRNA was strikingly increased in the SCN (Fig. 1D) , although the signals in other brain regions were similar to those of ZT4.
Hsp84 mRNA was also distributed widely in the forebrain (Fig. 1E-H) . Compared to the regional difference of the intensity of Hsp86, Hsp84 mRNA tended to be distributed more evenly. Among these regions, Hsp84 mRNA signals were highest at the piriform cortex, CA1/CA3 of the hippocampus, arcuate nucleus, and the SCN. Daily difference of the signal intensity in the SCN was not apparent in Hsp84 (Fig. 1F, H) .
Circadian expression of HSP86 and HSP84 in the SCN
By the quantitative analysis of mRNA signals of in situ hybridization method, we analyzed the circadian change of the expression of Hsp86 mRNA in the SCN at both LD and DD conditions. In LD condition, HSP86 mRNA showed a clear dairy rhythm making a peak at ZT16-ZT20 and a trough at ZT8 (ANOVA; F [5, 24] = 6.45, P < 0.001) (Fig. 2) . In the DD condition, the amount of Hsp86 mRNA also showed a circadian rhythm (ANOVA; F [5,24] = 8.39, P = 0.0001) in the SCN with the point of highest accumulation at CT16, and the point of lowest accumulation at CT4 (Fig. 2) .
Hsp84 mRNA signals were also quantitatively examined in the SCN (Fig. 3) . In LD condition, signals were higher in ZT16-ZT20 than in ZT4-ZT8, although there were not statistically significant (ANOVA; F [5,24] = 4.13, P = 0.076). In DD condition, signals in CT16-20 were higher than those in CT8 (ANOVA; F [5,24] = 5.44, P < 0.005).
DISCUSSION
Heat shock proteins are highly conserved proteins present in organisms ranging from bacteria to man (11, 26) . Similar to other heat shock proteins, HSP86 and HSP84 are thought to act as 'molecular chaperones', recognizing and stabilizing their target proteins in normal and stressed conditions to cells (2, 18) .
In the present study, we demonstrated that two genes (Hsp86 and Hsp84) encoding mammalian HSP90 class proteins are expressed at high levels in the SCN, arcuate nucleus, piriform cortex and hippocampus among various forebrain areas. It is interesting to note that these Hsp86 and Hsp84 highly expressed areas also expressed high level of known clock genes including Clock, Bmal1, Per1 and Per2 (9, 21, 27) . Similar to the difference of the expression profile among a variety of tissues (13, 24) or at the developmental stage (25) , this study confirms the heterogeneity of Hsp86 and Hsp84 gene expression among brain neurons.
We also detected the circadian rhythm of Hsp86 and Hsp84 mRNAs in the SCN. The amplitude of this circadian rhythm was higher in Hsp86 than in Hsp84. It is known that expression properties of Hsp86 and Hsp84 are not equivalent. In normal physiological temperature, HSP84 was two fold higher than HSP86 (1, 23) . While both genes are heat-shock inducible, Hsp86 displays a higher level of induction than Hsp84 (23) . This study also demonstrates that Hsp86 is more feasible to circadian change than Hsp84.
Molecular clock composed of clock genes regu-Among them, RRE site is known to be important for generating night-peak pattern of circadian expression (17, 22) . To explore the possibility that late a variety of clock controlled genes by the specific transcription sites including E-box, D-box and RRE (RORE Responsive Element) sites (8, 10, 22) . RRE is involved in the night-peak pattern of Hsp86 and Hsp84, we searched for the potential RRE site in genomic sequencies that cover whole exons and introns as well as 5-prime flanking region up to the next neighboring gene. We found only one RRE site at 11,181 base upstream of transcription initiation site of mice Hsp86 gene, but it is not evolutionally conserved as we could not find any RRE site in human Hsp86 gene. Also, RRE site was never found in Hsp84 gene in both mice and human. These findings suggest that circadian expression of Hsp86 and Hsp84 will not be directly regulated through the specific transcription site of the clock genes, and the regulatory mechanism of circadian change of these genes remains unclear. One possible trigger is the change of the temperature of the brain, since both Hsp86 and Hsp84 genes are reported to contain functional heat-shock promoters (3, 4) . Interestingly, it is demonstrated that chicken Hsp90α gene in the pineal body showed the circadian rhythm correlating with the change of temperature in brain (5) . Since it is demonstrated that mice brain temperature is higher in the night than daytime (6), it is possible that the higher gene expression of Hsp86 and Hsp84 in the later half of the night is caused by the rise of the brain temperature.
Previous studies have demonstrated that HSP90 proteins were associated to various cellular targets including signal transducers, cell cycle and developmental regulators (18) . This study adds another possible role of HSP90: association with circadian rhythms. Since SCN shows the profound change of neuronal activity and metabolic rates (7, 19, 20) , the needs of chaperone activity of this nucleus will also differ in the different circadian stage.
